The Wake Vortex Prediction System WSVS (WirbelSchleppenVorhersageSystem) has been developed to tactically increase airport capacity by employing dynamically adjusted aircraft separations for approach and landing without compromising safety. For this purpose the WSVS considers the involved aircraft type pairing, the prevailing weather conditions and the resulting wake vortex behavior. A Monte Carlo simulation study demonstrates that the WSVS is well adjusted to a reasonable level of safety. The simulation study evaluates the probability that wake vortices still linger within a defined radius around the follower aircraft and compares this probability to measurement data collected at five major international airports. The potential of the WSVS to optimize aircraft separations is assessed by employing nine months of traffic and weather prediction data collected at Vienna International Airport. Analyses of the separation reduction potential are established and compared to current regulations. Dependencies on prevailing headwind and crosswind conditions are discussed in terms of individual wake vortex behavior and statistical distributions of wake turbulence separations. The results indicate that substantial potential for safely reduced aircraft separations exists mainly under sufficiently strong crosswind conditions for any aircraft type combination requiring wake vortex separation minima.
I. Introduction
IRCRAFT trailing vortices, generated as an unavoidable consequence of lift, pose a potential risk to following aircraft. The separation standards between consecutive aircraft limit the capacity of congested airports in a rapidly growing aeronautical environment 1, 2 . A few years ago, the International Civil Aviation Organization (ICAO) initiated a process for the optimization of wake turbulence separations termed RECAT. RECAT phase I, which is the classification into six categories considering the weight, approach speed, wing characteristics and the rolling moment exerted on following aircraft, has been implemented at selected airports in the US 3 and Europe 4 . RECAT phase II consists of a static separation matrix of distance and time for individual aircraft types (pair-wise separations) based upon similar metrics as RECAT I. The long-term goal of the RECAT initiative (phase III) foresees dynamic pair-wise separations that consider the aircraft type pairing and the effects of the environmental conditions on wake vortex behavior.
The Wake Vortex Prediction and Monitoring System WSVBS (Wirbelschleppenvorhersage-undbeobachtungssystem) has been developed to tactically increase airport capacity by employing dynamically adjusted aircraft separations for approach and landing dependent on weather conditions and the resulting wake vortex behavior without compromising safety 5,6,7 . In this study only the predictive part of the WSVBS system is considered and the monitoring aspects are excluded. Therefore, in this paper the advisory system is simply called Wake Vortex Prediction System (WirbelSchleppenVorhersageSystem) WSVS.
The WSVS combines several probabilistic elements in order to make its predictions safe. In order to demonstrate that the WSVS is well adjusted to a reasonable level of safety, the probability that wake vortices still linger within a defined radius around the follower aircraft is estimated via Monte Carlo simulation and compared to measurement data collected by NASA and DLR at 5 major international airports.
Based on these results this paper assesses the potential of the WSVS to optimize separations of aircraft approaching Vienna International Airport. Nine months of traffic data comprising aircraft types and flight speeds along selected positions of the approach is retrieved from the Mode-S protocol. Meteorological data comprising vertical profiles of horizontal wind, potential temperature, and air density are taken from weather predictions of the IFS (Integrated Forecasting System) of the ECMWF (European Centre for Medium-Range Weather Forecasts). Turbulence kinetic energy (TKE) is derived from a Richardson number based approach.
The analysis covers statistics of the achievable aircraft separation reduction potential compared to the separation matrices of ICAO and RECAT-EU. The correlation between the vertical profiles of headwind and crosswind and the separation reduction potential is elaborated. Exemplary case studies on landing rates, meteorological conditions, and spatial and temporal aircraft separations as actually flown and predicted by the WSVS are introduced as examples for possible developments throughout a day. In order to better understand the mechanisms controlling the temporal aircraft separations in headwind and crosswind situations, the temporal changes of wake vortex parameters and safety areas in individual vertical WSVS prediction planes are analyzed for selected cases.
The results indicate that substantial potential for reduced separations emerges for any aircraft type combination requiring wake vortex separations under strong crosswind conditions. The WSVS predictions for strong headwinds reveal only a modest potential of separation reduction. However, the discussed headwind effects provide interesting insights with respect to time-based procedures for arrivals, which will have to be implemented at large European airports in the next 5 to 10 years.
II. The Wake Vortex Prediction System WSVS
Initially, the Wake Vortex Prediction and Monitoring System WSVBS has been developed to tactically increase airport capacity for approaches to the closely-spaced parallel runway system of Frankfurt airport 5,6 . Later the WSVBS has been extended to predict dynamic pairwise separations for landings on single runways 7 . Demonstration campaigns at the airports Frankfurt and Munich substantiated that the WSVBS predictions were one-hundred percent safe considering the wake vortex behavior measured by lidar for about 2000 landings. In this paper only the predictive part of the WSVBS system is considered and the monitoring aspects are excluded; therefore, we will refer to the Wake Vortex Prediction System WSVS in the remainder of this paper. In the following, the main components of the WSVS are briefly introduced and a few new developments are sketched in some more detail. Figure 1 delineates the components of the WSVS and their interplay as they are applied to the data base available from Vienna airport. The meteorological conditions are taken from operational predictions of the IFS (Integrated Forecast System) of the ECMWF (European Centre for Medium-Range Weather Forecasts) with a model output interval of three hours. A single vertical profile of wind speed, potential temperature and air density is used to describe the meteorological conditions in all four approach corridors associated with the two airport runways. Turbulent kinetic energy (TKE) is derived from thermal stability and wind gradients employing a Richardson number based approach 8, 9 . The TKE is translated into turbulence dissipation rate according to the approximate formula provided by Ref. 11 .
The considered arrival traffic consists of 78,119 approaches and landings on the runways 11/29 and 16/34 during the months November 2017 to June 2018 and October 2018. The period July to September 2018 has been omitted due to insufficient availability of aircraft type data. The aircraft data base of the WSVS contains 94 different aircraft types covering more than 95% of the arrivals at Vienna Airport. Within that traffic mix 94% correspond to medium weight class aircraft and only 6% are heavies. From Mode-S data protocols aircraft types and true airspeeds within the prediction planes of the WSVS are retrieved. Mode-S is a secondary surveillance radar process that allows selective interrogation of aircraft employing ground-based interrogators and airborne transponders 10 . The weights of the approaching aircraft are adjusted to 85% of the maximum landing weight (MLW). Measurements at the airports Memphis and Dallas Fort Worth demonstrate that the landing weight on average amounts to 85% of the MLW 12 and other sources confirm this result 13 . Wing spans are gathered from the BADA (Base of Aircraft Data) data base 14 and MLWs mainly from type certificate data sheets (TCDS, from EASA/ FAA/ CAA) and Airplane Characteristics for Airport Planning (from Airbus and Boeing).
A merger of fits of glide path adherence statistics from different sources collected at the airports Frankfurt, St. Louis, Atlanta, and Chicago is used to define the dimensions of the flight corridors in terms of standard deviations from the nominal glide paths 7 . The WSVS concept requires that all aircraft are established on the glide slope at the final approach fix (FAF) which is considered 11 nm before the touchdown zone (TDZ) for this study. Wake vortex evolution is predicted within 15 gates along the final approach (see Table 1 ). In ground proximity the gate separation of 1 nm is first reduced to 1/3 nm and then to 1/6 nm to properly resolve the interaction of wake vortices with the ground. The WSVS prediction planes are transported by the prevailing headwind respectively tailwind allowing for a realistic modeling of wake vortex behavior in ground proximity. This constitutes an important aspect for the simulation of landings, because wake vortex encounters at low altitudes appear more frequently in tailwind situations 15 . Based on the meteorological and traffic input data the Probabilistic Two-Phase wake-vortex decay model (P2P) predicts upper and lower bounds for position and strength of the vortices. The basic P2P model design as well as some applications, assessments and further developments are reported in Refs. 16, 17, 18, and 19 . P2P considers all effects of the leading-order impact parameters 20 : aircraft parameters (span, weight, velocity, and trajectory), wind (crosswind and headwind components), wind shear, turbulence, temperature stratification, and ground proximity. P2P has been validated against in-ground effect and out-of-ground effect measurement data of four US and nine European field measurement campaigns comprising about 15,000 individual cases.
The bounds predicted by P2P are expanded by the safety area around a vortex that must be avoided by follower aircraft for safe and undisturbed flight (SHAPe). The Simplified Hazard Area (SHA) concept 21, 22 assumes that, for encounters during approach and landing, the vortex-induced rolling moment constitutes the dominant effect and can be used to define a safety area representing the entire aircraft reaction. Then encounter severity can be characterized by a single parameter, the Roll Control Ratio, RCR, which relates the wake vortex induced rolling moment to the maximum available roll control power. Following full flight simulator investigations as well as real flight tests RCR is adjusted to 0.2 (Ref. 23) .
In every gate several ellipses are defined (see Figure 2 ) representing the approach corridor (green), the vortex area prediction (blue), and the safety area prediction (red). The respective sums of the vertical and horizontal probabilistic allowances of these components define the dimensions of the resulting safety ellipse. The instant when all the resulting safety ellipses along the glideslope do not overlap anymore with the elliptical approach corridor defines the temporal minimum wake-vortex separation between an individual aircraft pairing 5, 7 . For operational purposes, the maximum of three time thresholds, the WSVS separation, the minimum radar separation, and the runway occupancy time, would then constitute the applicable separation. In this study, however, these additional criteria are neglected to allow an independent consideration and comparison of the three time thresholds. The maximum prediction time of the WSVS is adjusted to 180 s. 
III. How Conservative are the WSVS Predictions Compared to Current Practice?
The WSVS combines several probabilistic elements in order to make its predictions safe. One key element of its current setup is that the WSVS adds to the one- (68.3%) aircraft approach corridor one--allowances resulting from the variability of wake vortex behavior (P2P) and adds finite safety separation distances (SHAPe) (see Figure 2 ). The instant of time when this area, consisting of three ellipses, does not overlap anymore with the aircraft corridor in all gates determines the WSVS aircraft separations. However, neither the probability that the wake vortices including their individual safety area reside within the predicted elliptical total safety area nor the probability that the wake vortices may still reside in the flight corridor or actually come close to a follower aircraft are known. The latter probability is the most relevant one for the degree of safety of the advisory system. So the probability that wake vortices still linger within a defined radius around the follower aircraft is estimated in this section and compared to measurement data collected by NASA and DLR at 5 major international airports.
More precisely, Monte Carlo simulation is employed in order to establish statistics of the distances between a landing aircraft and the closest wake vortex generated by a leading aircraft at the separation time suggested by the WSVS. These distances are compared to those found within the analysis of lidar measurements and aircraft data described in Ref. 24 . The lidar study employs data of 8056 landings collected at the airports Dallas, Denver, Frankfurt, Memphis and Munich. During the Memphis 2013 campaign RECAT separations 3 were applied while during the other campaigns ICAO separations 25 were applicable. The analysis of the lidar observations reveals that, in at least 1.5% (3.7%) of the landings in which the measured vortices were generated in an altitude of about 50 m, the luff vortex remains within a distance of 25 m (50 m) to the follower aircraft within a temporal buffer of ±10 s of flyby. This finding is considered as a reference for the current practice.
The lidar study considers only wake vortices with circulation strengths above 50% of their initial value because most vortices with a circulation less than half of their initial circulation cannot be tracked anymore. As a consequence, many encounters with less coherent vortices are not included in the above stated encounter percentages and the real encounter rates will be higher. Note that here the term encounter is used for situations with distances of up to 50 m between fuselage and vortex center. Hence, the term encounter is also used for cases without any vortex effect on the passing aircraft.
In the Monte Carlo simulation we only exclude wake vortices with circulation values below 50 m²/s. Below this value the evaluation of the circulation of the vortices is usually not possible anymore due to a loss of coherence of the vortex structure. Also, for circulation values below 50 m²/s the safety areas to be avoided according to the SHAPe concept become very small such that in practice they would not be relevant to safety anymore. We further set the minimum vortex age to 60 s as a value supporting minimum radar separations of 2.5 nm. Operationally WSVS separations below 60 s would not be applicable and adjusted upward to 60 s. In the real-world reference data 24 separation times vary between 80 s and 500 s. From this data the distance between the aircraft position and the closest neighboring vortex position, r, is determined. The distribution of the distances, r, is compared to the findings from the lidar airport trials. For the WSVS predictions wake vortices still reside within a distance of 50 m to the follower aircraft in 1.3% of the landings. This is about three times less frequent than the 3.7% estimated by the lidar data analysis. The respective values for a 25 m radius are 0.25% for the Monte Carlo simulation and 1.5% for the real-world reference. Based on this even more safety relevant measure, wake encounters with WSVS separations would be even 6 times less frequent than in daily routine without a wake vortex advisory system. For example, the Frankfurt wake vortex warning system considered a 30 m distance between fuselage and wake vortices as a critical gap differentiating between acceptable and critical encounters 26 .
Another unpublished reference consists of long-term lidar measurements of wake vortices at Charles de Gaulle Airport suggesting that in 3% of the cases the vortices were at least as close as 25 m in radial distance to the following landing aircraft in proximity of the threshold § . Using this finding as a reference to the current simulations must be done with care, because the details of the measurement situation are not known and may deviate from those applied for the Monte Carlo analysis. But it can be considered an additional source suggesting that the chosen settings of the WSVS may deliver reasonably safe pairwise dynamic aircraft separations.
IV. WSVS Predictions for Windy Days
For three selected days of the total period considered, case studies on the actually flown aircraft separations during final approach at Vienna airport and the respective separations predicted by the WSVS are depicted in Figure 4 to Figure 5 and Figure 6 , the moderate landing rates throughout most of the day are far below the maximum capacity of the airport of 44 landings per hour. During phases of rather low demand there is no need for controllers to stagger aircraft optimally. Nevertheless, times of higher demand are clearly correlated with smaller aircraft separations, as it is the case on 18 Nov 2017 between 7 and 9 UTC (local morning) (see Figure 4 e and f). 
V. Wind Effects on Aircraft Separations

A. Headwind
To better understand the mechanisms controlling temporal aircraft separations in headwind situations we take a closer look at a few selected cases. Figure 7 to Figure 9 depict the wake vortex parameters (deterministic predictions of port (magenta) and starboard (blue) vortex and probabilistic one- envelope (green)) and safety areas (red) for a leading CRJ9 followed by an A320 resulting in the shortest separation of 83.6 s predicted within the time block from 6-9 UTC on 30 November 2017 (cf. Figure 5) . The vertical profiles of the meteorological parameters displayed in the following figures (lower right panels) are normalized employing characteristic wake vortex scales 16 . Here u * denotes the normalized longitudinal wind component which is positive in flight direction, v * the crosswind, q * the turbulence velocity, N * the Brunt-Väisäla frequency characterizing thermal stability, and  * the turbulence energy dissipation rate. Velocities are normalized by the initial wake vortex descent speed, w 0 , the Brunt-Väisäla frequency with the initial time, t 0 , the vortices need to descend one vortex separation, b 0 , and the dissipation rate with b 0 1/3 /w 0 . The instant when all the resulting safety areas (red) along the glideslope have escaped from the approach corridor (dotted lines) either vertically or laterally defines the temporal separation between an individual aircraft pairing. The gates aloft without ground effects are first cleared from wake vortices by vortex descent. For example, in gate 7, displayed in Figure 7 , the probabilistic vortex area predicted by the P2P model exits the approach corridor at 24 s and the safety area predicted by the SHAPe model exits the approach corridor at 47 s. So considering only gate 7, aircraft separations could be adjusted to 47 s.
The prevailing headwind of about four vortex descent speeds (u  -4.7 m/s) accelerates the unblocking of the approach corridor. Due to the headwind advection against flight direction the vertical distance between vortex area and the 3° glide path increases with time which is reflected by the tilted approach corridor plotted in Figure 7 , upper left panel. Laterally the approach corridor is cleared from the safety area only at 137 s due to the weak prevailing crosswind (Figure 7, upper right panel) . The upper one- bound (green) of the circulation evolution falls below the deterministic prediction (blue) during the onset of rapid decay owing to the method employed for the training of the probabilistic bounds with measurement data. The lower circulation envelopes are not shown, because they are not used for the WSVS predictions.
Figure 7
WSVS prediction of wake vortex parameters, safety areas and meteorological parameters for a leading CRJ9 followed by an A320 in gate 7. Due to the interaction with the ground, vortex descent is limited. Instead the vortices diverge and rebound 19, 27 such that the upper probabilistic bound resides eventually slightly below 30 m. Due to the headwind transport the shrinking safety area exits the approach corridor at about 77 s. Due to weak crosswinds and vortex divergence in ground proximity even the probabilistic vortex envelopes don't leave the approach corridor laterally. Figure 9 illustrates that in the lowest gate 15 the safety area cannot exit the approach corridor vertically within a relevant period of time despite the headwind effect due to vortex rebound and the low flight altitude. Now the aircraft separation is controlled by vortex decay. At 84 s the vortices have decayed sufficiently that the following A320 aircraft may land without compromising safety. So with weak crosswind and intermediate headwind strengths aircraft separations are controlled by vortex decay in close ground proximity.
There are also a few cases where the headwind transport is not sufficient to transport the vortices out of the approach corridor even in gate 14. In that situation vortex decay in gate 14 determines the aircraft separations because the vortices generated at very low altitudes above ground (in gate 15) decay faster.
Figure 8
WSVS prediction of wake vortex parameters, safety areas and meteorological parameters for a leading CRJ9 followed by an A320 in gate 14.
Figure 9
WSVS prediction of wake vortex parameters, safety areas and meteorological parameters for a leading CRJ9 followed by an A320 in gate 15. During conditions in which aircraft separations are controlled by vortex decay in ground proximity, aircraft separations could be reduced by the installation of plate lines at the runway ends. Lidar measurements indicate that this way the lifetime of the most long-lived and strongest vortices can be reduced by one third 28 . In the framework of the SESAR2020 project PJ02 EARTH a measurement campaign at Vienna airport, scheduled for 2019, shall demonstrate that plate lines can be installed in runway proximity at an international airport and it shall be determined to which extent vortex lifetime can be shortened for various aircraft types and environmental conditions.
B. Crosswind
After 15 UTC on 30 November 2017 the wind direction has turned such that the vortex separations are controlled by lateral transport of the wake vortices out of the flight corridor (see Figure 5 ). The crosswind profile exhibits a maximum absolute value (u = -11.4 m/s) at an altitude of 367 m and minimum absolute values (-4.4 m/s) both at the ground and at the beginning of the considered glide path. Depending on the aircraft size either gate 1 or gate 15 (both close to the crosswind minima) control reduced aircraft separations. Figure 11 shows an example for a leading medium aircraft. Here the safety areas leave gate 1, which has the widest flight corridor, laterally at a vortex age of 23 s. In all other gates the flight corridor is cleared earlier due to its smaller width and the mostly larger crosswind. Figure 12 displays an example with a leading B744 where the safety area ultimately quits the lowest gate 15 at 39 s. For big aircraft in this meteorological situation the larger initial vortex separation and vortex divergence in ground proximity are decisive. In such cases the aircraft separations could be reduced from 5 nm (ICAO separation) to a minimum radar separation of 2.5 nm for leading heavy aircraft followed by mediums.
Figure 11
WSVS prediction of wake vortex parameters, safety areas and meteorological parameters for a leading A319 followed by an A320 in gate 1.
Figure 12
WSVS prediction of wake vortex parameters, safety areas and meteorological parameters for a leading B744 followed by an A321 in gate 15.
C. Veering Winds
The direction of the wind varies with the height above ground. According to the concept of the Ekman spiral the wind direction turns to the right with increasing height as it is the case in Figure 11 to Figure 14 . Above the atmospheric boundary layer with a thickness on the order of 1 km, the wind direction is mainly controlled by the equilibrium of the driving pressure gradient force and the Coriolis force. The resulting wind is called geostrophic wind. In the atmospheric boundary layer the friction force causes a deviation of the wind direction to the left (on the northern hemisphere).
Specifically at Vienna airport abrupt vertical wind direction changes are related to vertical air mass boundaries. Typically southeasterly winds at lower altitudes are eroded by westerly winds from above. This may lead to situations where favorable headwind conditions in ground proximity are combined with adverse tailwinds aloft. Figure 13 illustrates a pronounced headwind situation with up to 11 m/s and a crosswind component below 400 m altitude with a maximum of 3.8 m/s prevailing on 18 November 2017 during the time block starting at 21 UTC. The headwind in ground proximity of about 4 m/s is not strong enough to transport the rebounding A319 wake vortices sufficiently far against flight direction such that the flight corridor would be cleared from the vortices. However, the crosswind of 2.6 m/s advects the safety area out of the flight corridor at 62 s. The flight corridor in gate 1 is freed from the safety corridor only at 79 s where the headwind strengthens the effective vortex descent of the barely attenuated vortices (see Figure 14 ).
Figure 13
WSVS prediction of wake vortex parameters, safety areas and meteorological parameters for a leading A319 followed by an A319 in gate 15.
Figure 14
WSVS prediction of wake vortex parameters, safety areas and meteorological parameters for a leading A319 followed by an A319 in gate 1.
VI. Statistics of Wind Effects on Aircraft Separations
As described in the previous sections, the minimum wake turbulence separations predicted by the WSVS dominantly depend on the wind conditions as well as the wake vortex characteristics. The latter in turn depend on the aircraft type and its operating conditions and also the follower aircraft type which impacts the size of the safety area. Figure 15 shows mean values of the separation times, corresponding to the instant of time when the last gate is cleared by the safety areas of the wake vortices, of all 78.119 aircraft pairings as a function of headwind and crosswind speeds. Wind speeds are taken from the reference height of the last unblocked gate (see Table 1 ). Because the data base mainly contains medium weight class aircraft, these mean separations correspond exclusively to landings with medium weight class leader and follower aircraft. Headwinds are denoted by negative values of u. Wind conditions not covered by landings are denoted by separation times of 0 s.
Obviously crosswinds are most efficient in advecting the vortices away from the flight corridor. On average, crosswinds above ±2 m/s are sufficient to reduce separation times to about 1 min. At typical aircraft speeds in final approach of 160 kt and zero headwind component, a time separation of 1 min corresponds to approximately 2.5 nm, the minimum radar separation applicable when wake vortex separation is not required. As explained in section IV, headwinds accelerate the unblocking of the approach corridor by advecting the vortices along the direction of the sloping glide path. So headwind advection can be considered to act as an increased vortex descent speed. Tailwinds have the opposite effect for what reason maximum average separations of 150 s occur around tailwinds of 6 m/s with crosswinds close to zero. The effect of headwinds on acceptable aircraft separations, however, is indirect and thus small. Only for headwinds stronger than -15 m/s the average separation times drop below 1 min.
Figure 15
WSVS mean separations dependent on wind speeds in last cleared gates.
The count of medium aircraft behind heavy aircraft amounts to only 4417 or 5.7% of all landings. As a consequence, the corresponding mean separation times plot shown in Figure 16 is less smooth and covers smaller ranges of wind speeds. For heavy-medium pairings crosswinds of at least ±4 m/s are needed to consistently reduce mean separation times to about 1 min. The data base is not big enough to derive a headwind above which aircraft separations fall below one min. At tailwinds of 6 m/s combined with neglectable crosswinds mean time separations arrive at the adjusted maximum prediction time of the WSVS of 180 s. In 72% of the cases, the wake behavior in gate 15 closest to the ground controls minimum wake turbulence separations because in close ground proximity vortices cannot descend below the flight corridor and lateral vortex advection of the luff vortex is partly compensated by vortex induced lateral propagation 19, 27 (cf. e.g. Figure 9 ). Figure 17 illustrates the wind conditions when gate 15 is cleared last by the safety areas. Due to ground proximity the data base does not contain situations with winds above 11 m/s and tailwinds are limited to 4 m/s. The maximum mean separation time of 116 s occurs at a tailwind of 1 m/s and zero crosswinds. Due to the interaction with the ground the mean crosswind needed to enable aircraft separations below 1 min amounts to 3 m/s, which is 1m/s more than in Figure 15 . Figure 18 depicts the 0 th , 5 th , 25 th , 50 th , 75 th , 95 th and 100 th percentiles of the predicted WSVS separations as a function of the crosswind speeds in the last cleared gates for all landings. In the zero crosswind class, the whole range of separation times between 10 s and 180 s is present depending on aircraft type combinations and meteorological conditions, where headwind effects contribute dominantly to that large spread. The median value denoted by a red dash amounts to 99 s. As seen already in Figure 15 , the median separation times drop below 60 s at crosswinds of about ±2 m/s, a crosswind speed where the maximum separation times are still cut off at 180 s, due to the adjusted maximum prediction time of the WSVS. Crosswinds of at least ±3 m/s (±5 m/s) are necessary to separate 95% (all) of the landing aircraft by less than 1 min. Crosswinds of ±9 m/s blow the safety areas out of the flight corridor in less than 15 s.
Figure 18
Predicted WSVS separations dependent on crosswind speeds in last cleared gates; 0 th , 5 th , 25 th , 50 th , 75 th , 95 th and 100 th percentiles. Figure 19 shows the same dependencies as Figure 18 for medium aircraft behind heavies. Since the calculation of the 5 th and the 95 th percentiles require at least 20 cases, the maximum crosswinds are limited to ±6 m/s. The maximum separation values in Figure 18 and Figure 19 are identical because they are controlled by medium aircraft following heavies or super-heavies. However, all other separation values are substantially increased because of the higher values of initial circulation and vortex separation of the trailing vortices generated by the larger aircraft. Nevertheless, the result from Figure 18 that crosswinds of at least ±5 m/s are required to separate all of the landing aircraft by less than 1 min holds even for this class of pairings.
Figure 19
Predicted WSVS separations dependent on crosswind speeds in last cleared gates for medium aircraft behind heavies; 0 th , 5 th , 25 th , 50 th , 75 th , 95 th and 100 th percentiles.
Figure 20
delineates headwind effects on WSVS separations. For a wide range of headwind speeds the separation times vary between very small values and the adjusted maximum of 180 s. So a headwind threshold alone is generally not suitable to reduce aircraft separations. However, the median separation times decrease almost linearly with increasing headwind speeds. In combination with other favorable parameters like crosswind, however, headwinds may contribute to some helpful reduction of separations (cf. headwind range below -7 m/s in Figure 15 ).
Predicted WSVS separations dependent on headwind speeds in last cleared gates; 0 th , 5 th , 25 th , 50 th , 75 th , 95 th and 100 th percentiles. Figure 21 shows statistics of the predicted WSVS separations dependent on the minimum crosswind magnitude within the entire wind profile within the height range covered by the gates. On average, the minimum crosswind within the whole vertical crosswind profile needed to allow for a certain aircraft separation is only slightly lower than the crosswind in the gate that is cleared last. This means that for most cases the last cleared gate corresponds to the gate residing closest to the crosswind minimum within the considered height range. Accordingly, the percentiles for the aircraft separations at a given crosswind minimum are slightly lower than those interpolated to the relevant gate (cf. Figure 18) .
From Figure 21 it can be concluded that crosswind magnitudes of at least 5 m/s all along a vertical crosswind profile are sufficient to separate all landing aircraft by less than 1 min. However, this favorable situation, where aircraft separations could be reduced significantly based on a simple crosswind criterion, prevails only during 3.7% of the investigated cases.
An analysis for departures at Frankfurt airport yields a crosswind threshold of 8 kt (4.1m/s) measured at an altitude of 10 m above ground to reduce the associated separation distances between heavy leader aircraft and medium follower aircraft from the required 2 min to only 1 min 29, 30 . The departure study stipulated that for 1 min separations under favorable crosswind conditions the encounter risks (derived from encounter frequency and severity) were lower than those in a reference scenario at 2 min separations.
Figure 21
Predicted WSVS separations dependent on minimum crosswind magnitude; 0 th , 5 th , 25 th , 50 th , 75 th , 95 th and 100 th percentiles. Figure 22 displays the distribution of temporal separations suggested by the WSVS for all 78.119 aircraft pairings. The fraction of landings below minimum radar separation (corresponding to approximately 60 s) amounts to 37%. Figure 23 displays the predicted aircraft separations for heavy vortex generators and medium follower aircraft. In 66% of landings separations could be reduced below a value of 125 s being representative for the 5 nm separation prescribed by ICAO according to Ref. 6 . The fraction of landings where minimum radar separation of 60 s could be applied amounts to 18%.
VII. Separation-Reduction Potential
The criterion that crosswinds of 5 m/s or stronger prevail along the whole altitude range covered by the WSVS also allows to reduce separations to 60 s without installation of any wake vortex advisory system (see Figure 21) . However, in the Vienna database such favorable winds are blowing only during 3.7% of the time. Table 2 lists the spatial separations foreseen by the RECAT-EU scheme 4 . It further specifies the fraction of time when WSVS predictions would allow reducing the RECAT-EU separations to minimum radar separation of 60 s and the respective number of landings in brackets. On average, this is the case in 23% of the landings. The fraction of the total considered traffic where RECAT-EU separations could be reduced to minimum radar separation amounts to 8%.
The Vienna database does not contain landings with leading category A and following categories A or C. For A leaders and followed by category B or F none of the separations of the few recorded landings could be reduced below 60 s. For the other category combinations, the fraction of times supporting minimum radar separation vary between 9% and 57%. For a given follower category, the fraction of reduced separations decreases with increasing weight and span of the leading aircraft types. 
VIII. Conclusion
This study assesses dynamic pairwise wake vortex separations for approach and landing at Vienna airport using the Wake Vortex Prediction System WSVS.
As a first step, a Monte Carlo simulation study demonstrates that the WSVS is well adjusted to a reasonable level of safety. The simulation study evaluates the probability that wake vortices linger within a defined radius around the follower aircraft and compares this probability to measurement data collected at five major international airports. It is found that for WSVS predictions wake vortices in ground proximity still reside within a distance of 25 m to the follower aircraft in 0.25% of the landings. This is about six times less frequent than the 1.5% estimated by the independent lidar data analysis representing the daily routine without a wake vortex advisory system.
The WSVS has been applied to nine months of traffic and weather prediction data collected at Vienna International Airport. Selected case studies provide overviews on landing rates, meteorological conditions, spatial and temporal aircraft separations as actually flown and predicted by the WSVS. Favorable wind conditions allow reducing aircraft separations to minimum radar separation for periods of several hours or even complete days.
The effects of headwind and crosswind as well as the aircraft type combination on the unblocking of the different prediction planes (gates) of the WSVS are discussed in detail on the basis of selected individual probabilistic wake vortex predictions and related safety areas. The effect of headwinds on acceptable aircraft separations is fairly small. Intermediate headwinds accelerate the unblocking of the inclined approach corridor but close to the ground vortex descent is inhibited such that, in the absence of sufficiently strong crosswinds, aircraft separation is largely controlled by vortex decay. Only for headwinds stronger than -15 m/s, the average separation time drops below 1 min.
Strong crosswind constitutes the most efficient mechanism to unblock the approach corridor. Here typically either the highest gate controls the aircraft separation, because there the approach corridor is the widest, or the lowest gate is unblocked at last, because of the vortex divergence driven by the interaction with the ground surface. Crosswinds above ±2 m/s are sufficient to reduce median separation times to about 1 min. However, crosswinds of at least ±3 m/s (±5 m/s) are necessary to separate 95% (all) of the landing aircraft by less than 1 min. Crosswinds of ±9 m/s blow the safety areas out of the flight corridor in less than 15 s. A 5 m/s crosswind threshold blowing all along the glide path supports separations by less than 1 min without the need to operate a wake vortex advisory system. However, such favorable wind conditions prevail only during 3.7% of the investigated cases. The operation of the WSVS could increase this percentage substantially to 37% of the landings.
For 66% of the heavy vortex generators and medium follower aircraft, the WSVS could reduce landing separations below a value of 125 s (corresponding to the prescribed ICAO separation of 5 nm) and the fraction of landings where minimum radar separation (approximated by 60 s) could be applied amounts to 18%. In 23% of landings, for which RECAT-EU vortex separations apply, or 8% of all landings, a further reduction to minimum radar separation is found to be possible while ensuring safety.
Based on this study's findings, we conclude that the installation of the WSVS for operational purposes may substantially increase the number of aircraft landing on a runway per hour under suitable weather conditions without compromising safety. The SESAR2020 "plate line" measurement campaign to be conducted at Vienna airport from May to September 2019, will help to further substantiate these results with lidar observations of wake vortex behavior.
